Although cellular senescence may be a protective mechanism in modulating proliferative capacity, fibroblast senescence is now recognized as a key pathogenic mechanism in idiopathic pulmonary fibrosis (IPF). In aged mice, abundance and persistence of apoptosis-resistant senescent fibroblasts play a central role in nonresolving lung fibrosis after bleomycin challenge. Therefore, we investigated whether quercetin can restore the susceptibility of senescent IPF fibroblasts to proapoptotic stimuli and mitigate bleomycin-induced pulmonary fibrosis in aged mice. Unlike senescent normal lung fibroblasts, IPF lung fibroblasts from patients with stable and rapidly progressing disease were highly resistant to Fas ligand (FasL)-induced and TNF-related apoptosisinducing ligand (TRAIL)-induced apoptosis. Senescent IPF fibroblasts exhibited decreased expression of FasL and TRAIL receptors and caveolin-1, as well as increased AKT activation, compared with senescent normal lung fibroblasts. Although quercetin alone was not proapoptotic, it abolished the resistance to FasL-or TRAIL-induced apoptosis in IPF fibroblasts. Mechanistically, quercetin upregulated FasL receptor and caveolin-1 expression and modulated AKT activation. In vivo quercetin reversed bleomycininduced pulmonary fibrosis and attenuated lethality, weight loss, and the expression of pulmonary senescence markers p21 and p19-ARF and senescence-associated secretory phenotype in aged mice. Collectively, these data indicate that quercetin reverses the resistance to death ligand-induced apoptosis by promoting FasL receptor and caveolin-1 expression and inhibiting AKT activation, thus mitigating the progression of established pulmonary fibrosis in aged mice. Therefore, quercetin may be a viable therapeutic option for IPF and other age-related diseases that progress with the accumulation of senescent fibroblasts.
Idiopathic pulmonary fibrosis (IPF) is the most common and lethal form of idiopathic interstitial pneumonia, despite the advent of therapeutic interventions. It is characterized histologically by the presence of usual interstitial pneumonia and fibroblastic foci, which are speculated to be the site of active tissue remodeling (1).
The disease course of patients with IPF is highly variable, with a subset of patients exhibiting disease stability for prolonged periods of time (stable IPF), whereas other patients exhibit rapid disease progression and deterioration (rapid IPF) (2, 3) . Although progression is a key feature of IPF, little is known about what dictates clinical progression of this disease.
Cellular senescence is a state of permanent growth arrest combined with stereotyped phenotypic changes that have important role(s) in maintaining physiological homeostasis (4) . However, accumulating evidence indicates that senescent cells may also have causal and/or contributing roles in tissue remodeling and many age-related diseases (5) , including IPF and chronic obstructive pulmonary disease (6) (7) (8) (9) (10) . In fact, it was recently shown that fibroblastic foci are comprised predominantly of senescent myofibroblasts. Furthermore, senescent fibroblasts are detected in the lungs of aged mice, where their persistence prevented the resolution of bleomycin-induced pulmonary fibrosis (11) .
Senescent cells secrete proinflammatory cytokines, chemokines, and extracellular matrix proteases, which collectively constitute the senescence-associated secretory phenotype (SASP) (6, 12) . The SASP generated by senescent fibroblasts robustly stimulates a fibrotic phenotype in healthy human fibroblasts, which may explain the correlation between their buildup and progressive fibrosis (6) . Consequently, therapeutic interventions that reduce the burden of senescent cells attenuate the progression of pulmonary fibrosis and other age-related diseases (6, 11, (13) (14) (15) (16) .
Zhu and colleagues showed that the flavonoid quercetin had direct "senolytic" effects on senescent adipocytes and human umbilical vein endothelial cells by increasing the sensitivity of these cells to apoptosis (14) . More recently, studies have shown therapeutic potential for quercetin associated with dasatinib (an inhibitor of multiple tyrosine kinases commonly used to treat chronic myeloid leukemia [17] ) in bleomycin-induced pulmonary fibrosis in mice (6, 13) . The administration of the combination of dasatinib 1 quercetin (D 1 Q) during the fibrotic phase of this model decreased both senescence biomarkers and fibrosis burden in the lungs of mice (6) . The beneficial effect of D 1 Q in eliminating senescent cells during lung fibrosis was also demonstrated by Lehmann and colleagues, who demonstrated that D 1 Q depleted senescent cells by inducing apoptosis and reduced SASP factors in primary fibrotic mouse alveolar epithelial type (AT)II cells derived from bleomycin-treated fibrotic lungs (13) .
Although the combination of D 1 Q showed a potent capacity to clear senescent cells in vitro and in vivo, these previous studies were conducted either in mice or on normal primary cells (6, 13, 14) , leading us in the present study to query whether quercetin had any effects on the apoptotic responses of senescent lung fibroblasts from patients with IPF. Moreover, the effectiveness of quercetin alone on senescent human lung fibroblasts or experimental lung fibrosis in senescent mice has not been investigated yet. Thus, considering the deleterious effects of apoptosis-resistant senescent cells in the progression of fibrosis and recent evidence for senescent cell apoptotic sensitization by quercetin, we assessed the effects of this flavonoid on apoptosisresistant senescent IPF fibroblasts and in promoting resolution of pulmonary fibrosis in aged mice.
Methods
Additional details of the methods are provided in the data supplement.
Primary Pulmonary Fibroblasts
This study was approved by an institutional review board at Cedars-Sinai Medical Center (approval number Pro34067). Lung fibroblasts were derived from diagnostic biopsies from patients who exhibited slowly or rapidly progressing IPF (slow IPF and rapid IPF, respectively) over the first year after diagnosis (2) . Primary normal lung (NL) fibroblasts were derived from nonfibrotic lung samples lacking any evidence of disease. Fibroblasts were cultured in complete media (DMEM; Lonza) containing 15% FBS (Cell Generation), 100 IU of penicillin and 100 mg/ml streptomycin (Lonza), 292 mg/ml L-glutamine (Lonza), and 100 mg/ml Primocin (InvivoGen) at 37 8 C and 10% CO 2 .
Generation of Senescent Fibroblasts
Proliferating NL and IPF lung fibroblasts were serially passaged in culture until the cells showed a senescent phenotype (flattened morphology, permanent growth arrest, and altered gene expression [upregulation of CDKN1A, CDKN2A, IL6, and IL8 genes]) and senescence-associated b-galactosidase activity (b-Galactosidase Staining Kit; BioVision).
Apoptosis Studies
Senescent lung fibroblasts (5 3 10 4 cells per well) were treated with quercetin (50 mM; Sigma-Aldrich), cross-linked recombinant human Fas ligand (rhFasL) (75 or 150 ng/ml; R&D Systems), crosslinked recombinant human TNF-related apoptosis-inducing ligand (rhTRAIL) (100 or 200 ng/ml; R&D Systems), and/or vehicle (0.05% DMSO in complete media) for 24 hours. rhFasL and rhTRAIL were cross-linked by mouse anti-polyHistidine monoclonal antibody (R&D Systems). Apoptosis was assessed by measuring caspase-3 activity, cell viability, and lactate dehydrogenase (LDH) release. Phasecontrast images of fibroblasts were collected using IncuCyte ZOOM Live-Cell Imaging (Essen BioScience).
Bleomycin-induced Lung Injury
Aged (>12 mo) male and female C57BL/6 mice (Faculdade de Medicina de Ribeirão Preto-USP) received intratracheal bleomycin (1.25 U/kg) (Biossintéctica Farmacêutica, Ltda.) or saline as previously described (11, 18 Tables E1-E3 in the data supplement). Transcript levels were normalized to human 18S or mouse Gapdh mRNA, and the fold change in expression was calculated using DataAssist software (Life Technologies). A heat map was generated manually using the relative expression values between quercetin and vehicle (control)-treated cells.
Western Blot Analysis
Cells were lysed using lysis buffer (Cell Signaling Technology) containing protease inhibitor cocktail (Roche). An equal amount of protein was loaded into a Bolt 4-12% BisTris Plus gel (Life Technologies). Samples were transferred onto a nitrocellulose membrane and blotted using specific antibodies.
Statistical Analysis
Analyses were performed using Prism software (GraphPad Software). Data were expressed as mean 6 SEM and assessed for significance by one-way ANOVA followed by Tukey's multiple comparisons test. P , 0.05 was considered significant.
Results

Senescent IPF Fibroblasts Are Resistant to Apoptosis
In the present study, cultured lung fibroblasts derived from stable and rapid IPF lung biopsies exhibited a slower growth rate than their normal counterparts at similar passages (i.e., passages 7 and 8) ( Figure  1A ). Furthermore, regardless of clinical progression, IPF fibroblasts senesced after significantly fewer serial passage rounds than primary NL fibroblasts ( Figure E1A ). Stable and rapid IPF fibroblasts expressed twofold or higher expression of CDKN1A and CDKN2A genes ( Figure 1B) , which encode cycle inhibitor proteins p21 and p16, respectively. Upregulated p21 and/or p16 proteins are widely used markers of cellular senescence (4) . Together, these findings suggested that, unlike NL fibroblasts, IPF lung fibroblasts are much more prone to senesce in culture.
To undertake further study of senescent NL and IPF fibroblasts (n = 3 of each), we first serially passaged fibroblast lines until all cells in these cultures ceased to proliferate and acquired flattened morphology (Figures E1B). Replicative senescence was further confirmed in NL and IPF lines by upregulation of CDKN1A, CDKN2A, IL6, and IL8 expression ( Figure E1C ) and positive senescenceassociated b-galactosidase staining in NL, stable IPF, and rapid IPF fibroblasts (data not shown). We next determined the susceptibility of senescent human fibroblasts to proapoptotic ligands. Senescent NL and IPF fibroblasts were exposed to FasL (75 or 150 ng/ml) or TRAIL (100 or 200 ng/ml) for 24 hours, and caspase-3 activity was measured. Senescent NL fibroblasts exhibited a dosedependent increase in casapse-3 activity after exposure to FasL or TRAIL ( Figures  1C and 1D ). In contrast, neither stable nor rapid senescent IPF fibroblasts exhibited equivalent responsiveness to FasL-or TRAIL-induced apoptosis (i.e., caspase-3 activity) ( Figures 1C and 1D) (Figures 1E and 1G ). Senescent rapid IPF fibroblasts also showed decreased expression of DR4 compared with NL and stable IPF fibroblasts ( Figure 1F ). Interestingly, FAS and DR4 expression was approximately twofold lower in rapid IPF fibroblasts than in stable IPF fibroblasts. Decreased DR expression is implicated in apoptosis resistance (19) (20) (21) ; thus, the resistance of senescent IPF fibroblasts to apoptotic signals might be attributed to decreased expression of FasL and TRAIL receptors by these cells.
Quercetin Induces Fas Expression in Senescent IPF Lung Fibroblasts
Previously, quercetin was shown to selectively kill senescent cells via induction of apoptosis (14) . To determine whether quercetin modulates apoptosis in senescent IPF fibroblasts, cells were treated with quercetin (at 50 mM) or vehicle (i.e., 0.05% DMSO) for 24 hours, and FAS, DR4, and DR5 mRNA expression was quantified. Quercetin induced an approximately twofold increase in FAS mRNA expression in NL, stable IPF, and rapid IPF fibroblasts compared with vehicle-treated groups (Figure 2A ). In contrast, no difference was observed in DR4 or DR5 mRNA expression in NL or IPF fibroblasts treated with quercetin compared with the vehicle groups ( Figures 2B and 2C) . A qPCR array revealed that quercetin had modest effects on fibrosis-associated transcripts but markedly upregulated FAS in all fibroblast groups ( Figure 2D ). In contrast, nintedanib (also referred to as BIBF 1120) markedly downregulated the expression of genes involved in fibrosis but did not alter FAS or FasL compared with vehicle-treated senescent fibroblasts ( Figure 2D ). These data demonstrate that quercetin upregulates the expression of Fas in senescent NL and IPF fibroblasts.
Quercetin Increases the Susceptibility of Senescent Lung Fibroblasts to FasL-and TRAIL-induced Apoptosis
We next examined whether quercetin had a direct proapoptotic effect on senescent lung fibroblasts. NL and IPF fibroblasts were treated with quercetin (50 or 100 mM) or vehicle for 24 hours, and caspase-3 activity, cell viability, and LDH release were measured. Compared with the vehicletreated groups, neither 50 mM nor 100 mM quercetin changed caspase-3 ( Figure E2A ), cell viability ( Figure E2B ), or LDH release ( Figure E2C ) in senescent NL or IPF fibroblasts, indicating that quercetin alone did not induce apoptosis in senescent lung fibroblasts.
Given these findings, we next examined whether quercetin rendered senescent IPF fibroblasts susceptible to proapoptotic stimuli. NL and IPF fibroblasts were treated with FasL (75 ng/ml) for 24 hours with DMSO or quercetin (50 mM), and apoptosis was assessed using the three parameters indicated above. Neither quercetin nor FasL alone induced significant changes in caspase-3 ( Figures 3A, 3D , and 3G), cell viability ( Figures 3B, 3E , and 3H), or LDH release ( Figures 3C, 3F , and 3I) in any of the senescent fibroblast groups. In contrast, the combination of quercetin 1 FasL significantly induced caspase-3 activity, reduced cell viability, and increased LDH release in NL and IPF senescent fibroblast cultures compared with fibroblasts treated with DMSO alone ( Figures 3A-3I ). Microscopically, a marked decrease in the number of viable cells was also observed in cultures of senescent fibroblasts treated with quercetin 1 FasL ( Figures E3A-E3L ), confirming that quercetin increased the susceptibility of both NL and IPF senescent fibroblasts to FasL-induced apoptosis.
Although we observed negligible effects of quercetin on DR4 and DR5 ( Figures  2B and 2C ), we next assessed whether quercetin altered the responsiveness of senescent IPF fibroblasts to TRAIL. Fibroblasts were treated with TRAIL (100 ng/ml) for 24 hours in the presence of DMSO or quercetin (50 mM), and changes in apoptosis parameters were assessed. Unlike monotreatment with quercetin or TRAIL, the addition of quercetin 1 TRAIL (100 ng/ml) significantly induced caspase-3 activity, reduced cell viability, and increased LDH release in senescent NL and IPF fibroblast cultures compared with DMSO vehicle-treated controls ( Figure E4 ). A microscopically evident decrease in the number of cells was also observed in NL and IPF senescent fibroblast cultures treated with the combination of quercetin 1 TRAIL (Figures E5A-E5L ).
Collectively, these data demonstrate that quercetin renders senescent NL and IPF fibroblasts susceptible to FasL-and TRAIL-induced apoptosis.
Quercetin Upregulates Caveolin-1 Expression
Low caveolin-1 expression in proliferating IPF fibroblasts appears to account, in part, for the reduced susceptibility of these cells to proapoptotic stimuli (22) . In the present E **** **** * , and (G) DR5 mRNA expression in senescent fibroblasts. Data are presented as mean 6 SEM (n = 3 or 4 per group). *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001 as indicated by the bars. IL1A  IL1B  IL33  IL6  IL8   GPX3  GSR  GSS  HIF1A  HMOX1  SERPINE1  SOD2  TXN   ACTA1  AXL  BMP4  COL1A1  COL3A1  CTGF  FGF10  FN1  GAS6  IFNA1  IFNB1  IGF1  IGF1R  IL13RA2  KIT  KITLG  KRT14  KRT5  LGALS3  MMP28  NOX4  PDGFB  TGFB1  TWIST2 study, both stable and rapid senescent IPF fibroblasts exhibited markedly lower caveolin-1 protein expression than senescent NL fibroblasts ( Figure 4A ), suggesting that the association between loss of caveolin-1 and increased resistance to apoptosis is also present in senescent lung fibroblasts in IPF. We examined the effect of quercetin on caveolin-1 by measuring CAV1 mRNA by qPCR and protein expression by Western blotting. Quercetin induced an approximately 1.5-fold in CAV1 mRNA expression in stable and rapid IPF fibroblasts, but not in NL fibroblast cultures ( Figure 4B ). In line with this observation, caveolin-1 protein expression was significantly increased in stable and rapid IPF fibroblasts treated with quercetin ( Figure 4C ). It is noteworthy that although caveolin-1 protein expression was increased, quercetin did not completely restore caveolin-1 protein expression in stable or rapid IPF fibroblasts to concentrations observed in NL fibroblast cultures ( Figure 4C ). Thus, these findings suggest that the increased susceptibility of senescent IPF fibroblasts to proapoptotic Data are presented as mean 6 SEM (n = 3 or 4 per group). *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001 as indicated by the bars.
ligands might be due, in part, to increased caveolin-1 concentrations in these cells. Figure  E6D ) or NRF2-responsive target gene HO1
( Figure E6E ) mRNA expression, which suggests that quercetin increased caveolin-1 via a mechanism that is independent of restoring the oxidative balance in IPF fibroblasts.
Quercetin Modulates AKT Activation
AKT is a central component of the PI3K/AKT cell survival pathway (25) , and AKT activation has been implicated in low caveolin-1 expression in IPF fibroblasts (26) . To address whether quercetin modulates AKT activation in senescent IPF fibroblasts, we measured basal phosphorylated AKT Data are presented as mean 6 SEM (n = 3 or 4 per group). *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001 as indicated by the bars.
(p-AKT) expression in NL and IPF fibroblasts ( Figures 4D and 4E ). In agreement with previous reports (22) , p-AKT expression was significantly higher in stable and rapid IPF fibroblasts ( Figure 4E ). Treatment with quercetin resulted in an approximately twofold decrease in the expression of p-AKT in both NL and IPF fibroblasts ( Figure 4F ). Thus, one potential mechanism of quercetin-mediated increase in caveolin-1 expression and susceptibility to apoptosis is modulation of AKT activation in senescent NL and IPF fibroblasts.
Quercetin Reverses Bleomycininduced Pulmonary Fibrosis
To test the in vivo efficacy of quercetin in resolving fibrosis in aged mice, a bleomycin-induced lung injury model in C57BL/6 mice aged 12 months or older was employed. Before testing the effect of quercetin, we assessed if supplementation with FasL and TRAIL would be necessary, because we had previously observed depletion of TRAIL concentrations in the lungs of young mice after bleomycin exposure (27) . Both the depletion of TRAIL and the depletion of FasL are known to exacerbate pulmonary lung injury and fibrosis (28, 29) . Aged mice received intratracheal instillation of bleomycin, and lung FASL and TRAIL mRNA expression was assessed. Bleomycin induced an approximately 1.5-3-fold increase in FASL mRNA expression between Days 7 and 28 ( Figure E7A ). In contrast, a twofold decrease in TRAIL mRNA expression was observed on Day 7 after bleomycin lung injury ( Figure E7B ). However, by Day 14, TRAIL mRNA expression was not significantly different between bleomycinand saline-treated mice, suggesting that the supplementation with these apoptotic ligands was not necessary in this model. To assess the therapeutic efficacy of quercetin in this model, hydroxyproline concentrations, Masson's trichrome staining of histological lung tissue sections, weight loss, and lethality were assessed ( Figure 5 ). On Day 7 post-bleomycin instillation, an increase in collagen deposition in the lungs was noted, as shown by the significant increase in lung hydroxyproline concentrations (z2-fold) ( Figure 5B ) and Masson's trichrome blue staining for collagen ( Figure E8A) . Moreover, bleomycin-treated mice showed significant weight loss by Day 7 ( Figure 5D ). Given that the efficacy of therapeutics in this model is best determined after the inflammatory phase (7 d after bleomycin administration) (30) , aged mice were treated with quercetin To investigate whether the therapeutic efficacy of quercetin in this model was due to the reduction in the number of senescent cells in the lungs of mice, we investigated the effect of quercetin on the expression of p21 and p19-ARF (Figures 6A-6C ). 
, and (I) Il6. Data are presented as mean 6 SEM (n = 7-10 mice per group). *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001 as indicated.
Intratracheal administration of bleomycin resulted in increased expression of p21 at Days 7, 14, and 28 postinstillation. Unlike p21, p19-ARF expression increased only at the latest time point. Treatment with quercetin (at 30 mg/kg) resulted in a significant reduction in bleomycin-induced p21 expression at Day 14 and a sevenfold decrease in this cell marker of senescence at Day 28 in the lungs of aged mice. The expression of p19-ARF was also reduced in the lungs of quercetin-treated mice at Day 28 after bleomycin. In line with these findings, Cdkn1a, Cdkn2a, and Cdkn2d mRNA expression was also reduced by treatment with quercetin. Moreover, the expression of Mcp1, Mmp12, and Il6 transcripts of the SASP were also mitigated by quercetin ( Figures 6D-6I ), suggesting that the therapeutic effect of quercetin in aged mice with bleomycin-induced pulmonary fibrosis was due to the reduction of the senescent cell burden in the lungs.
Discussion
Although IPF is a fibroproliferative disease, there is growing evidence of increased fibroblast senescence (6, 31), particularly within the fibroblastic foci of IPF lung biopsies (11) . During bleomycin-induced pulmonary fibrosis in aged mice, an apoptosis-resistant phenotype favors the persistence of senescent myofibroblasts, and these cells contribute to a nonresolving, progressive lung fibrosis (11, 32) . The secretome of senescent fibroblasts robustly stimulates a fibrotic phenotype in healthy human fibroblasts and promotes senescence of the surrounding cells (6, 33) . In line with this concept, the clearance of senescent cells favors the resolution of fibrosis and improves pulmonary function in mice (6, 11, 13, 34) . Therefore, targeting of these cells is recognized as a promising therapeutic approach for IPF (16, 35, 36) .
In the present study, we provide evidence that primary lung fibroblasts derived from patients with IPF (regardless of the pace of disease progression) exhibited a senescent phenotype. Specifically, lung fibroblasts from patients with slow or rapid IPF exhibited 1) a limited replicative capacity in vitro, 2) upregulation of genes that encode for cell cycle inhibitor proteins, and 3) senescence-associated b-galactosidase staining (data not shown). More notably, we observed that, unlike senescent NL fibroblasts, senescent IPF fibroblasts were highly resistant to FasL-or TRAIL-induced apoptosis. This resistance to ligand-induced apoptosis was abolished with the coaddition of quercetin and either of these apoptosisinducing ligands to cultures of senescent IPF fibroblasts. Quercetin appeared to target multiple mechanisms in senescent IPF fibroblasts that have been implicated in the resistance of proliferating IPF fibroblasts to apoptosis, including FasL receptor and caveolin-1 expression, and AKT activation. Thus, quercetin promoted responsiveness of senescent IPF fibroblasts to proapoptotic ligands. In vivo treatment with quercetin ameliorated the progression of pulmonary fibrosis, weight loss, and lethality in the bleomycin-challenged aged mice.
Decreased expression of proapoptotic DRs is a key component in the loss of susceptibility to apoptosis in many cell types (19, 20, 26, 37) ; thus, reduced expression of Fas, DR4, and DR5 might contribute to apoptosis resistance in senescent IPF fibroblasts. Numerous studies have reported lower Fas expression in fibroblasts from fibrotic lung diseases (21) , including IPF (26, 37) , than normal fibroblasts. However, before the present study, the expression levels of DR4 and DR5 in fibroblasts had not been reported in IPF, to our knowledge. Likewise, quercetin was known to sensitize leukemia and cancer cell lines to FasL, TRAIL, and other proapoptotic stimuli (38, 39) , but these types of studies were lacking in the context of cells from patients with IPF. Although a recent study demonstrated a direct proapoptotic (or senolytic) effect of this compound on various senescent cell types (14), we did not observe a direct proapoptotic effect with similar or higher doses of quercetin (50-100 mM) on senescent IPF fibroblasts. A plausible explanation for this divergence might be cell, tissue, and/or disease specific (14) . We observed that senescent IPF fibroblasts showed significantly lower expression of both FasL and agonist TRAIL receptors than senescent NL fibroblasts. Quercetin treatment enhanced FAS, but not DR4 or DR5, expression in senescent IPF fibroblasts, suggesting that the increased susceptibility of these cells to FasL-induced apoptosis could be attributed to enhanced Fas expression. In agreement with this, quercetin was found to increase the expression of genes in the Fas/apoptosis pathway in both senescent NL and IPF fibroblasts. Interestingly, this effect seemed to be specific to quercetin because two other flavonoids tested, namely naringenin and silymarin, did not show similar effects (data not shown). The enhanced responsiveness of quercetin-treated IPF fibroblasts to TRAIL-induced apoptosis appeared to be independent of changes in either DR4 or DR5, presumably indicating that quercetin might be modulating the expression/activation of DcR1 or DcR2, two receptors that antagonize the proapoptotic functions of TRAIL (40) . Thus, although quercetin alone did not appear to have direct proapoptotic effects on senescent NL or IPF fibroblasts, quercetin can render senescent, apoptosis-resistant IPF fibroblasts susceptible to apoptosis induced by FasL and TRAIL.
Caveolin-1 is a main constituent of cellular membrane structures termed caveolae, and low caveolin-1 expression results in reduced Fas membrane expression (26, 41) . In line with the previously established role for caveolin-1 deficiency in the apoptosis resistance observed in IPF fibroblasts (26, 42), we observed that caveolin-1 expression was markedly reduced in senescent stable and rapid IPF fibroblasts. Because it was previously shown that the sensitivity to proapoptotic stimuli is improved when caveolin-1 concentrations are increased in fibroblasts (26, 43), we speculated that quercetin might increase caveolin-1 expression in IPF fibroblasts, thereby increasing the susceptibility of these cells to proapoptotic stimuli. Indeed, treatment with quercetin increased both caveolin-1 mRNA and protein expression in senescent IPF cells. In contrast to previous data showing that quercetin preserves caveolin-1 concentrations in fibroblasts via the reduction of oxidative stress, quercetin did not alter ROS concentrations or the expression of Nrf2 or its downstream target heme oxygenase-1 in senescent IPF fibroblasts. It is therefore unlikely that quercetin preserves caveolin-1 by modulating the oxidative balance in these cells. These results were counterintuitive, owing to the remarkable antioxidant properties of quercetin in other systems (44) . It is noteworthy that quercetin may modulate Fas expression via caveolin-1, which coincides with our finding that quercetin increased both caveolin-1 and Fas expression in senescent IPF fibroblasts. Thus, our findings support a role for quercetin in the upregulation of caveolin-1 transcript and protein expression rather than protecting loss of caveolin-1 concentrations owing to oxidative degradation in senescent IPF fibroblasts.
AKT is a central component of the PI3K/AKT prosurvival pathway, and aberrant AKT activation promotes apoptosis resistance (25, 26) . In IPF, pathological activation of the PI3K/AKT pathway has been attributed to low caveolin-1 expression in fibroblasts. Low caveolin-1 at the plasma membrane creates a membrane microenvironment depleted of PTEN phosphatase activity, thereby favoring sustained PI3K/AKT activation (22) . Supporting this concept, upregulating caveolin-1 expression results in decreased PI3K/AKT activation, which restores the susceptibility of fibroblasts to apoptosis (26, 43) . In the present study, we confirmed that both stable and rapid senescent IPF fibroblasts exhibited increased AKT activation compared with senescent NL fibroblasts. Our present data suggest that quercetin might render senescent IPF fibroblasts susceptible to proapoptotic stimuli via the caveolin-1-dependent regulation of AKT activation. However, an inverse relationship between caveolin-1 and AKT activity cannot be excluded, because Nho and colleagues showed that low caveolin-1 expression is a result of increased activation of the PI3K/AKT pathway (26) . Thus, although the mechanism whereby quercetin inhibits AKT activation requires further investigation, it is likely that the reduced activation of this antiapoptotic signaling pathway after quercetin treatment restores the susceptibility of senescent IPF fibroblasts to apoptosis.
Our in vivo results strongly support therapeutic potential for quercetin in IPF. First, quercetin mitigated fibrosis and promoted overall health benefit in established pulmonary fibrosis in mice. Treatment with quercetin was initiated 7 days after bleomycin-induced lung injury (i.e., when increased hydroxyproline concentrations and collagen deposition in the lung tissue were already observed). Second, quercetin alone reduced the expression of senescent cell markers p21 and p19-ARF (11, 13, 34) and cell cycle inhibitors Cdkn1a, Cdkn2a, and Cdkn3a transcripts and inhibited the progression of lung fibrosis in mice. Senescent cells express many of the signaling cascades that are also present in persistent fibroproliferation; thus, their clearance favors the resolution of fibrosis and recovery of lung function (6, 11, 34) . Importantly, in the present study, quercetin also mitigated the expression of SASPrelated transcripts (Mcp1, Mmp12, and Il6), further highlighting the therapeutic potential of quercetin. The secretome of senescent fibroblasts contains an array of factors with established roles in regulating fibrotic and inflammatory aspects of IPF (6) .
Although previous studies had already shown that quercetin decreases the burden of senescent cells and fibrosis in experimental pulmonary fibrosis (6, 13), these effects were not produced by quercetin alone. Quercetin was associated with the drug dasatinib, which may have several off-target effects (17, 45) . It is noteworthy that dasatinib was recently shown to increase the susceptibility to pulmonary hypertension in experimental models and in patients with chronic myeloid leukemia (46) . Pulmonary hypertension is a well-recognized comorbidity in IPF (47); therefore, the use of dasatinib in patients with IPF could have potential aggravating effects in the long term.
In conclusion, we demonstrate that the flavonoid quercetin renders senescent IPF fibroblasts susceptible to apoptosis induced by FasL and TRAIL, and we provide insight into the mechanisms that are associated with quercetin's effect on senescent IPF fibroblasts. Specifically, quercetin regulates caveolin-1 and Fas expression and modulates AKT activation, thereby collectively accounting for the increased susceptibility of senescent fibroblasts to undergo apoptosis ( Figure 7) . In vivo quercetin also demonstrated promising therapeutic potential. Quercetin inhibited the progression of lung fibrosis, reduced the expression of senescent cell markers and SASP, and promoted overall health benefit in an experimental fibrosis model in aged mice. Last, we conclude that the data provided in our study are very promising and may add to current therapeutic strategies for IPF and other fibrotic disorders. n
